To investigate the contribution of the changes in intracellular Na + and Ca 2+ concentrations ([Na + ] i and [Ca 2+ ] i ) to myocardial reperfusion injury, we made an ischemia/reperfusion model in intact guinea pig myocytes. Myocardial ischemia was simulated by the perfusion of metabolic inhibitors (3.3 mM amobarbital and 5 µM carbonyl cyanide m-chlorophenylhydrazone) with pH 6.6 and reperfusion was achieved by the washout of them with pH 7.4. [Na + ] i increased from 7.9 ± 2.0 to 14.0 ± 3.4 mM (means ± S.E., p < 0.01) during 7.5 min of simulated ischemia (SI) and increased further to 18.8 ± 3.0 mM at 7.5 min after reperfusion. [Ca 2+ ] i , expressed as the ratio of fluo 3 fluorescence intensity, increased to 133 ± 8% (p < 0.01) during SI and gradually returned to the control level after reperfusion. Intracellular pH decreased from 7.53 ± 0.04 to 6.31 ± 0.04 (p < 0.01) and recovered quickly after reperfusion. Reperfusion with the acidic solution or the continuous perfusion of hexamethylene amiloride (2 µM) prevented the reperfusion-induced increase in [147][148][149][150][151][152][153][154][155][156][157] 1999) 
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Introduction
Myocardial ischemia has profound effects on the function and viability of cardiac myocytes. Although reperfusion of coronary artery is essential for the prevention of progressive myocardial necrosis and/or the recovery of heart function, it is not always beneficial to the damaged myocardium and causes an additional myocardial injury. Several mechanisms have been proposed for the reperfusion injury, e.g. active oxygen radicals [1] and disruption of ionic milieu [2] . Among these an excessive accumulation of intracellular Ca 2+ is implicated in the pathogenesis of irreversible cell injury [3, 4] . The role of sarcolemmal Na + /Ca 2+ exchange has been considered, at least in part, as a mechanism of Ca 2+ overload in reperfusion injury [3] [4] [5] . This concept requires that intracellular Na + concentration ([Na + ] i ) increases during ischemic period or on reperfusion. Several investigators have reported the increase in [Na + ] i during ischemia [4, 6] and we have also demonstrated the elevation of [Na + ] i during metabolic inhibition in isolated cardiac myocytes [7, 8] . However, since it has been suggested that Na + /H + exchange could be inhibited by extracellular acidosis [9] , the role of Na + [11] [12] [13] .
Materials and methods

Isolation of guinea pig ventricular myocytes
Calcium tolerant guinea pig myocytes were isolated from female guinea pigs (400-600 g) by the method reported previously [12] . Briefly, the hearts were excised, attached to the bottom of a Langendorff column, and perfused with solutions gassed with 95% O 2 5% CO 2 and maintained at 34 ± 0.5°C and pH 7.4. The first perfusate which was to wash out the blood remaining in the heart cavities and coronary arteries, was Ca 2+ -free Krebs solution of the following composition (in mM): NaCl 113.1, KCl 4.6, MgCl 2 1.2, NaH 2 PO 4 3.5, NaHCO 3 21.9 and glucose 10. After 6-8 min of the initial perfusion, 100 ml of Ca 2+ -free solution containing enzyme (collagenase S-1, 300 units/ml, Nitta, Osaka, Japan) was added to the column and perfused for 2-3 min. Finally, modified Kraftbrühe (KB) solution was introduced to wash out the residual enzyme solution in the heart. Composition of the modified KB solution was as follows (in mM); KOH 70, KCl 40, KH 2 PO 4 20, MgCl 2 3, glutamic acid 50, glucose 10, N-2-hydroxyethylpiperazine-N′-2-ethanesulfonic acid (HEPES) 10, ethyleneglycol-bis(-aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA) 0.5 (pH 7.4 with KOH). The ventricles were excised and minced in the modified KB solution, then were filtered through a mesh to isolate ventricular myocytes.
Loading of fluorescent indicators
The myocytes were dual-loaded with acetoxymethylester (AM) of SBFI (5 µM) and fluo 3 (10 µM) (Molecular Probe Inc.) for 30 min at room temperature [12] . The stock solutions of SBFI/AM and fluo 3/AM were prepared by mixing 1 mg of each dye in dry dimethyl sulfoxide (DMSO) and kept frozen in aliquots until use. Immediately before addition to the myocytes, both dyes were dissolved with Krebs solution containing 2.45 mM CaCl 2 , 1% bovine serum albumin and 0.075% Pluronic F-127 (wt/vol, final concentration). The dual-loaded myocytes were then washed twice in a modified Krebs solution, and incubated for further 30 min at room temperature for complete hydrolysis of both dyes. In measurement of intracellular pH (pH i ), the cells were loaded with BCECF/AM (0.5 µM) for 30 min, then were washed and incubated as mentioned above.
Experimental protocol
After fluorescent indicators were loaded, a small portion of myocytes placed in a Perspex bath (volume: 1 ml) was mounted on the stage of a Nikon TMD inverted microscope and perfused with control HEPES buffer solution which contained (in mM) NaCl 137, KCl 4, MgSO 4 1.2, glucose 10, HEPES 10, CaCl 2 2.45, and adjusted pH 7.4 by NaOH at room temperature. Myocardial ischemia was simulated by changing from superfusion with the control solution to superfusion with glucose-free HEPES buffer solution (pH 6.6) containing 3.3 mM amobarbital (Amytal) and 5 µM carbonyl cyanide m-chlorophenylhydrazone (CCCP). Reperfusion was achieved by washout of the metabolic inhibitors by the control HEPES solution (pH 7.4, including 10 mM glucose). These inhibitors have little effect on the cell autofluorescence, presumably because CCCP decreases NADH level while Amytal increases it [14] . Although we did not measure cellular ATP levels in this study, the quick recovery of intracellular ATP after the washout of metabolic inhibitors was verified by measuring the cytosolic Mg 2+ concentration ([Mg 2+ ] i ) with a fluorescent indicator Mg-fura-2, which may largely reflect the reciprocal changes of intracellular ATP [15] . [Mg 2+ ] i increased from 0.93 ± 0.23 mM (n = 4) to 4.10 ± 1.10 mM at 15 min of the perfusion of metabolic inhibitors and decreased quickly to 2.94 ± 0.59 mM at 5 min after the washout of them (p < 0.05).
Apparatus
The cells were illuminated by transmitted illuminator or ultraviolet (UV) light, via an epifluorescence illuminator from 100 W xenon lamp equipped with an interference filter. Fluorescence of dual-loaded cells was imaged using a Nikon fluor (× 20, objective). Video images were obtained using a silicon-intensified target camera (Hamamatsu Photonics Inc., Hamamatsu, Japan), with the output digitized to a resolution of 512 × 512 pixels by ARGUS (Hamamatsu Photonics Inc.). The exciting wave lengths were 340, 360 and 380 nm for SBFI, and 500 nm for fluo 3. All filters had half-bandwidths of 10 nm and were changed by an electrically controlled rotator (Nikon, Tokyo, Japan). After passing the filters, the exciting light was reflected by dichroic mirrors suitable for each dye (400 nm half-pass wave length for SBFI, and 520 nm half-pass wave length for fluo 3). Two dichroic mirrors were specially designed to be changed manually within 1 sec. Images of fluorescence intensities were obtained sequentially at 510 nm for SBFI (20 nm half-bandwidth) and 540 nm for fluo 3 (10 nm halfbandwidth) after background subtraction. Each image was the accumulation of 60 (30/sec) successive video frames, and the fluorescence intensity was measured in a defined cytosolic cell area (55 µm 2 ) avoiding nuclei. In measurement of pH i , the fluorescent signal was obtained with excitation wave lengths at 490 and 450 nm and emission wave length at 505-560 nm. Fluorescence ratios were also obtained by dividing, pixel by pixel, the 490 nm image after background subtraction by the 450 nm image after background subtraction. Exposure to excitation light was limited to the time of actual data collection (2 sec/each collection) by an electrically controlled shutter, and neutral density (ND) filters (50-95% cut) were placed in the exciting light paths to limit photobleaching.
Calibration of SBFI fluorescence
We used in vivo calibration, in the preliminary group of myocytes, according to the methods described previously [12] . The cells were loaded with fluorescent probes and were then superfused with calibration solutions with various Na + concentrations. The calibration solutions were made from appropriate mixtures of high Na + and high K + solutions. The high Na + solution contained (in mM) sodium gluconate 110, NaCl 30, MgCl 2 0.6, Na-HEPES 10, EGTA 1. The pH was adjusted to 7.1 by adding HCl. The high K + solution was identical except for complete replacement of Na + by K + . Ten µM gramicidin and 100 µM strophanthidin were added just before use. The cells were incubated with each solution for at least 10 min to allow complete equilibration. The observed values of ratios excited at 340/380 nm at three different [Na + ] i were used to solve the three unknown parameters, R min , R max , and Kd × β in the standard equation [16] ,
In the above equation, R is the obtained 340/380 nm excitation ratio, R min is the ratio at 0 mM [Na + ] i , R max is the ratio at saturating [Na + ] i , Kd is the dissociation constant, and β is the ratio of the excitation efficiencies of free to Na + bound SBFI at 380 nm.
Correction of fluo 3 fluorescence
We have used fluo 3 as the Ca 2+ indicator in this study, because fluo 3 loaded cells can be imaged by using excitation in the visible region of the spectrum, which makes screening for SBFI fluorescence possible. The major disadvantage of this indicator, however, lies in the lack of a spectral shift on binding Ca 2+ , which makes it non-ratioable. The fluorescence signal from individual cells is, therefore, not only dependent on the [Ca 2+ ] i but also on intracellular fluo 3 concentration and path length. Dye leakage, compartmentation, photobleaching and the changes in cell thickness would compromise the accuracy of determinations for [Ca 2+ ] i . Minta et al. [17] have proposed some alternative means of generating ratios. One method is to monitor the fluorescence ratios against pretreatment control values. In this study, data were expressed neither as the absolute values nor as the percentage change of [Ca 2+ ] i , but as the percentage changes of fluorescence intensity of fluo 3 against the control level. Such measurement at least cancels out variable dye loading, but can not rule out the effects of bleaching of the dye and changes in cell thickness. We measured the fluorescence intensities of fluo 3 loaded myocytes excited at 500 nm during the perfusion of 2.45 mM Ca 2+ Krebs solution to quantify the bleaching rate. Furthermore, the fluorescence intensity excited at 360 nm (emission: 510 nm), which was Na + -, Ca 2+ -independent isosbestic point, was measured to normalize the variation of fluorescence intensity which resulted from the changes in cell thickness. where F 500 and F 360 were the fluorescence intensities excited at 500 nm and 360 nm, respectively. F base, 500 was the control fluorescence intensity excited at 500 nm. F before, 360 was the fluorescence intensity of rod-shaped cells excited at 360 nm just before cell contracture occurred. R bl was the bleaching rate at each point. We used F before, 360 for the correction because F 360 also decreased time-dependently and cell contracture completed with a rapid process in each cell.
Since the photobleaching rate of fluo 3 was larger than that of SBFI, the corrected F 500 /F base, 500 might somewhat underestimate the true changes in [Ca 2+ ] i [12] . However, we consider that the obtained results would not be affected significantly, because the difference in the bleaching rates was less than 10%.
Calibration of BCECF fluorescence
The pH i was measured separately in cells which are different from those in which [Na + ] i and [Ca 2+ ] i were measured. As reported previously [18] , the in vivo calibration was generated in BCECF-loaded myocytes by the addition of 10 µM nigericin in (mM): KCl 130, MgCl 2 1, 2-(N-morpholino) ethanesulfonic acid (MES) 15, and HEPES 15. The pH was adjusted appropriately with KOH. Fluorescence ratios were linearly related to pH from 6.5-7.5.
Reagents
Strophanthidin, gramicidin, Amytal and CCCP were purchased from Sigma Chemical Ltd. Hexamethylene amiloride (HMA) was obtained from Research Biochemicals Inc. SBFI/ AM, fluo 3/AM, BCECF/AM and ryanodine were supplied from Molecular Probes Inc. These reagents were used from stock solutions in ethanol or DMSO. Each reagent produced neither change in cellular autofluorescence nor fluorescence artifact by itself.
Statistical analyses
Results were expressed as means ± S.E. for the indicated number (n) of myocytes from at least three guinea pigs. Student's t test and analysis of variance (ANOVA) were used for statistical analyses, and the probability was considered significant at p < 0.05.
Results
Changes in [Na + ] i , [Ca 2+ ] i and pH i during simulated ischemia and reperfusion
In the first series of experiments we investigated the regulatory systems of ion concentrations during simulated ischemia (SI) and reperfusion. Figure 1 wave nor hypercontracture was observed. [Na + ] i increased from 7.9 ± 2.0 mM to 14.0 ± 3.4 mM after 7.5 min of SI (p < 0.01), and increased further to 18.8 ± 3.0 mM at 7.5 min after reperfusion (p < 0.01 vs. 7.5 min of SI). [Ca 2+ ] i , expressed as corrected F 500 /F base, 500 , increased to 133 ± 8% of the control at 7.5 min of SI (p < 0.01), and decreased gradually to the control level after reperfusion. The pH i decreased from 7.53 ± 0.04 to 6.31 ± 0.04 at 7.5 min of SI (p < 0.01), and recovered to the control level within 7.5 min after reperfusion. HMA. The pH i decreased from 7.44 ± 0.07 to 6.51 ± 0.05 at 7.5 min of SI (p < 0.01), which was similar with that without HMA, but the recovery after reperfusion was incomplete (7.22 ± 0.10 at 7.5 min after reperfusion).
Effects of hexamethylene amiloride (
These data suggest that (1) ] i during SI and after reperfusion in the presence of 10 µM ryanodine, an agent which binds to the SR Ca 2+ release channels and inhibits the normal Ca 2+ handling ability of the SR [19] . The cells were preincubated with ryanodine for 10 min before SI. While the level of [Na + ] i at 15 min of SI was maintained after reperfusion, corrected F 500 /F base, 500 increased further to 160 ± 19% of the control at 7.5 min after reperfusion (p < 0.01 vs. 15 min of SI) and then decreased gradually. Although there were no Ca 2+ waves induced, 3 out of 22 cells (14%) became hypercontracted after reperfusion.
These results indicate that the SR also plays a critical role for [Ca 2+ ] i regulation after reperfusion, and its buffering ability could be an important factor of reperfusion cell injury.
Discussion
We investigated the changes in [Na + ] i , [Ca 2+ ] i and pH i during simulated ischemia and reperfusion using a single cardiac cell model, and assessed the regulation system of these ion concentrations, particularly the role of Na Second, Carmeliet [21] has suggested that an important Na + gradient exists close to the cell membrane under normal steady-state conditions, and that the gradient changes dramatically when outward Na + transport is decreased by the block of the active Na + /K + pump. [11] [12] [13] .
Finally, it should be considered whether intracellular acidification during SI had any influences on the measurement of [Na + ] i or [Ca 2+ ] i . Lattanzio [22] showed that the effect of pH which increases the Kds for fluorescent indicators, was apparent once the pH dropped below 7.0. We investigated in vitro spectra of SBFI at pH 6.25, 6.75 and 7.25. Both the fluorescence excited at 340 and 380 nm were smaller than those at pH 7.25 by approximately 25%, but the difference between the fluorescence ratios (340/380 nm, [Na + ]: 10 mM) was within 10% (data not shown). Furthermore, Eberhard and Erne [23] showed that the Kd of fluo 3 did not depend on pH between 7.8 to 6.6. We therefore consider that although the obtained [Na + ] i and [Ca 2+ ] i somewhat underestimated the true changes in these ion concentrations, the results would not have been affected greatly.
Regulation of [Na + ] i during ischemia and after reperfusion
There are many reports concerning the changes in [Na + ] i during myocardial ischemia/ reperfusion and several mechanisms have been proposed [3, 4, 24] . In quiescent myocytes, [Na + ] i could, in principle, be determined by the balance between Na + influx via Na + /H + exchange and Na + extrusion via the Na + /K + pump [12] . Although Haigney et al. [25] proposed the involvement of sarcolemmal Na + current, it is unlikely in our experimental system because we used unstimulated myocytes. Indeed, we have shown that 10 µM tetrodotoxin could not suppress the increase in [Na + ] i during metabolic inhibition [8] . In this study, the Na + influx via Na + / H + exchange was responsible for the increase in [Na + ] i during SI. It has been reported that extracellular acidosis suppresses the activity of Na + /H + exchange by reducing the transsarcolemmal H + gradient [9] . However, Na + influx via Na + / H + exchange was thought to be active under our experimental condition because the pH i decreased largely (~ 6.3) and HMA inhibited the increase in [Na + ] i (see Fig. 1 ). The reason why pH i did not decrease larger in the presence of HMA is unknown but other pH i regulatory systems might be activated and overcome the inhibition of Na + /H + exchange. Indeed, the inhibitory action of HMA on the pH i recovery after reperfusion was partial (see Fig. 3 ).
As shown in Fig. 1 [29] [30] [31] [32] . In this study, pH i decreased to ~ 6.3 during SI and ATP levels were likely to have decreased to less than 5% of the control level within 5 min of SI [33] . It is, therefore, apparent that the activity of Na + /Ca 2+ exchange was suppressed almost completely during SI, which is consistent with the previous reports [8, 31] . It is possible that [Ca 2+ ] i increased during SI because of the inhibition Ca 2+ extrusion mechanisms such as Ca 2+ ATPase in sarcolemma or the SR. Another possible explanation is that because the pH i decreased more extensively during SI, Ca 2+ -H + interaction contributed, at least in part, to the increase in [Ca 2+ ] i under our experimental condition [34] . In fact, [Ca 2+ ] i remained at the high level when the pH i recovery was slowed by the reperfusion with acidic solution (see Fig. 3 ).
Several studies [8, 31] ] i and the following hypercontracture (irreversible injury). We conclude that reperfusion cell injury is also dependent on the capacity of intracellular Ca 2+ stores.
Physiological implications
We investigated the mechanisms of myocardial reperfusion injury using a single cell model. However, the extrapolation of such a single cell study to whole heart should be made carefully. In the ischemic heart in vivo, the degree of ATP depletion would be less severe, the extracellular acidosis would develop more gradually following the intracellular acidosis, and extracellular K + would accumulate and cause membrane depolarization. The preservation of cellular ATP may prevent the Na + accumulation by the residual Na + extrusion via the Na + /K + pump, while the membrane depolarization may accelerate Na + influx. Furthermore, both the less severe ATP depletion and the slowly developing extracellular acidosis would make the inhibition of Na + /Ca 2+ exchange incomplete, favoring a Ca 2+ influx via the reversemode of the exchanger.
In conclusion, our results suggest the importance of the [Na + ] i level at the early phase of reperfusion for reperfusion cell injury. Since spontaneous Ca 2+ waves and hypercontracture can be related to reperfusion arrhythmia and lethal reperfusion injury in the ischemia/reperfusion heart in vivo, our findings provide the crucial roles of Na + /H + exchange, Na + /Ca 2+ exchange, and the SR in myocardial reperfusion injury.
